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INTRODUCTION 
Imaging objects embedded in lossy inhomogeneous media has a considerable 
range of applications in the domains of ground-probing practices and nondestructive 
evaluation of civil engineering structures. The most common problems encountered in 
these practices are the strong clutter noise [1], and, in many situations, the unknown host 
medium properties at the time of the measurement. Conventionally, a separate measure-
ment in advance is required for providing information regarding the host medium. For 
example, an additional reflectometric measurement can be used to retrieve the permittiv-
ity of the host material. However, this exercise may not be feasible or practical in many 
applications. Consequently, most of the probing radar practices are performed with sen-
sors placed very close or in contact with the surface to minimize the interference from 
strong surface e~hoes. But such an arrangement cannot be applied while there is no con-
venient access to the proximity of the host structure. 
In this paper, we present a systematic approach to simultaneously retrieve in-
formation regarding the host material and to produce target imagery with a single syn-
thetic aperture measurement performed from a remote platform. A millimeter-wave step-
frequency continuous-wave (SFCW) apparatus is used to acquire the experimental data 
necessary for demonstrating the utilities of this new approach. It is shown that a sub-
stantial improvement in the image quality over a conventional pulse-echo system can 
be achieved with this new algorithm. Also, an auto-focusing method based on the sub-
aperture data processing technique is developed for SFCW system and presented herein. 
First, the orientation angle of the planar surface of the host structure relative to 
the synthetic aperture baseline is obtained through a spatial spectral analysis [2]. Then 
we estimate the relative distance between the slab and the SAR baseline, also the mean 
propagation constant in the host material with synthesized pulses. The synthetic aperture 
algorithm is then employed to form a coherent image based on the estimated medium 
parameters. Once potential target areas are identified, a newly developed auto-focusing 
procedure is subsequently performed to verify the estimated propagation constant and 
confirm the detection. The auto-focusing procedure is developed based on a sub-aperture 
method commonly used in processing air-borne or space-borne synthetic aperture radar 
data [3]. Only that the algorithm presented in [3] makes use of the Doppler shift caused 
by the relative motion between the antenna and the target, but the scheme developed 
in our study is for a laboratory step-frequency continuous-wave system for which no 
Doppler spectrum is available. The auto-focusing algorithm alone may be used as an 
alternative approach for obtaining the mean propagation constant for the host material. 
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Figure 1. Top view of the experimental configuration. A pyramid hom antenna is used 
in a synthetic aperture arrangement to inspect a vertically inserted metallic wire in a 
wood fiber board. 
An experiment was conducted with a W-band millimeter-wave network analyzer 
to provide measurement data for demonstrating the utility of the new composite method. 
Although the discussion presented in this paper evolves around a particular experimen-
tal configuration designed for our millimeter-wave system, the procedure outlined here 
can be easily generalized for applications at lower frequencies, such as the f < 1 GHz 
systems commonly used in ground-probing practices. 
CONFIGURATION 
In this paper, we illustrate the application of the newly developed composite 
imaging algorithm based on the geometrical configuration depicted in Fig. 1. A metal-
lic wire approximately 1.2 mm in diameter as shown by the dot in the top view diagram 
is vertically inserted into a high density wood fiber board. At the back of the fiber board, 
we place an aluminum plate to block the supporting structure from the incident millime-
ter waves launched by the monostatic hom antenna moving along the synthetic aperture 
baseline. The length of the synthetic aperture baseline is 150 mm. 
The pyramid hom antenna, connected to a W-band network analyzer and oriented 
for TM incidence, moves along the synthetic aperture baseline with a step size of 1 mm. 
At each step, the system stops, sweeps over the entire 75-110 GHz bandwidth, stores 
the measured 511 parameters onto an on-line storage device, then moves to the next 
step. Due to this stop-and-go mode of operation, there is no Doppler spectrum avail-
able to data processing. Information on Doppler shift is essential to the auto-focusing 
procedure. We can acquire the same information from the spatial spectrum as will be 
explained later. 
The only known parameter pertaining to the fiber board is its 1.5-inch thickness. 
The orientation angle and the actual distance of the fiber board relative to the synthetic 
aperture baseline, as well as the permittivity of the fiber board are all unknown at this 
stage. Furthermore, through visual observation, the typical sizes of the wood fiber, voids, 
and other impurities in the fiber board are all comparable to the millimeter-wave wave-
length, if not larger. Therefore, strong scattering, high attenuation, and, ultimately, a very 
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noisy clutter are all expected. In fact, the wood fiber board provides a random clutter at 
millimeter-wave frequencies similar to that observed below 1 GHz by a ground-probing 
system during inspecting civil engineering structures. 
The goal of this study is to develop a systematic algorithm for estimating pa-
rameters pertaining to the host material, i.e., the wood fiber board, and for imaging the 
embedded target, i.e., the vertical wire. The only available data will be that measured 
by the hom antenna while traveling along the synthetic aperture baseline. The essen-
tial information required regarding the fiber board for performing coherent focusing in 
this two-dimensional geometry are its orientation angle (a) related to the baseline, the 
distance (d) from the baseline, and the effective refractive index neff. In the following 
sections, we will illustrate the procedure of extracting these parameters. 
SPATIAL SPECTRAL ANALYSIS 
As reported in our earlier study [2], the specular reflection from a planar surface 
manifests the surface orientation in the spatial spectrum of the data recorded along a 
straight line. Through a discrete Fourier transform of the received signal 
N 
B(¢) = L bn e2imr¢ 
n=O 
where bn denotes the 811 data received at the n-th sampling point, the moving phase 
center of the specular reflection off the fiber board surface will give rise to a clustered 
spatial spectral distribution centered at 
¢ = -k fix sin a/7r 
(1) 
(2) 
where k is the wavenumber in air, fix, the sampling step size (e.g., 1 mm), and N + I = 
151, the total number of sampling points. The orientation angle a can then be estimated 
from the measured data presented in Fig. 2 and (2). More specifically, we only need to 
locate the exact value of ¢ for the single reflection peak in Fig. 2 and solve for a in (2). 
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Figure 2. Spatial spectral density for 75 GHz data. The peak at ¢ = 0 corresponds to 
the multiple reflections inside the hom antenna. The peak near ¢ ~ -0.09 is due to 
specular reflection from the fiber board surface, and the peak close to ¢ ~ -0.18 is 
double reflection between the hom and the surface. 
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Figure 3. Time-domain image. Time delay vs. antenna position. 
The spatial spectral density spectrum of the measured data is illustrated in Fig. 2. 
Only the spectrum for 75 GHz data is shown, since spectra for all other frequencies have 
similar features. In Fig. 2, the peak at ¢ = 0 corresponds to the multiple reflections in-
side the hom antenna due to mismatches at the junctions between the waveguide and 
hom, and the hom and free space, while the peak near ¢ ~ -0.09 is associated with 
the specular reflection from the fiber board surface, and the peak close to ¢ ~ -0.18 is 
that due to double reflection between the hom and the surface. The distinctions among 
signatures associated with different types of reflection mechanisms can be easily identi-
fied from (2). Consequently, from Fig. 2, the fiber board orientation angle a = 9.920 can 
be obtained with high accuracy from (2). On the other hand, the return from the verti-
cal wire target and the scattering from the inhomogeneities in the wood fiber board are 
distributed over a broad range of spatial frequency [2]. 
TIME-DOMAIN IMAGE 
The next task is to estimate the distance, d, between the fiber board and the syn-
thetic aperture baseline. A simple pulse synthesis with the multiple frequency data will 
provide us with this information in the form of time-domain data. More specifically, the 
value of d = 151.9 mm is obtained from the time delay associated with the first specular 
reflection return from the fiber board surface. The entire time-domain image is shown in 
Fig. 3, for which a Hamming window is applied for pulse sharpening and the suppres-
sion of sidelobes of the synthesized pulse. 
The darkest band of signal in Fig. 3 can be attributed to the first reflection from 
the fiber board surface. The gray band that has an approximately 0.5 ns delay from the 
first reflection does not correspond to the reflection from the back of the fiber board. 
It, however, corresponds to the double reflection of the surface reflection signal inside 
the pyramid hom antenna. We can easily identify the mUltiple reflections in the pyra-
mid hom based on the fixed delay time. The actual reflection from the back of the fiber 
board is approximately 0.4 ns lagging the first surface reflection, and is barely visible in 
Fig. 3. Nonetheless, the reflection from the back surface gives away the effective prop-
agation constant, or, the refractive index, of the fiber board, because the thickness of the 
board is known in advance. From the time-domain data, the effective refractive index of 
the fiber board is estimated to be neff = 1.56. 
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Figure 4. Normalized synthetic aperture image with reduced surface echo. The location 
of the metallic wire is indicated by the cross-hair. 
Now we have obtained all the necessary parameters for carrying out the synthetic 
aperture algorithm. This last procedure is demonstrated in the following session. 
COHERENT IMAGING METHOD 
In the time-domain image, the strong surface echo masks the near-surface scat-
tering returns. Only scattering from the random inhomogeneities that are away from the 
surface are detectable. And as an incident "pulse" propagates into the fiber board, it is 
attenuated through scattering and absorption processes. Hence, signal strength from scat-
terers deeply embedded inside the fiber board becomes weak. 
To amplify the relative signal-to-noise ratio for the random scatterers near the sur-
face, we first invoke a straight-forward box-car filter to remove the single reflection peak 
in the spatial spectrum shown in Fig. 2. Then we apply a conventional synthetic aperture 
method [1] to focus the time-domain image coherently for achieving a better azimuth 
resolution. Furthermore, in order to compensate for the attenuation sufferred by the sig-
nals due to scatterers deeply embedded in the fiber board, the image contrast is "normal-
ized" in such a manner that the background energy density for each line in parallel to the 
fiber board surface is kept the same. The normalized synthetic aperture image is shown 
in Fig. 4. Figure 4 clearly shows the location of the metallic wire, as that indicated by 
a cross-hair, which was not identifiable in the conventional time-domain image (Fig. 3). 
Also become visible are the random scatterers near the surface of the fiber board. Return 
from the wire is not as strong as that of the near-surface inhomogeneities. However, it is 
the strongest object embedded more than 20 mm inside the fiber board. 
AUTO-FOCUSING ALGORITHM 
To confirm the validity of the estimated refractive index neff of the fiber board, 
we also developed and employed an auto-focusing scheme in parallel to the procedure 
outlined above. As mentioned previously, under the stop-and-go data recording proce-
dure as that employed in a step-frequency continuos-wave system, there is no Doppler 
spectrum available for multilook data processing. However, similar information is in-
cluded in the spatial spectrum. For example, since we are using the exp( -iwt) time 
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convention, the ¢ > 0 part of the spatial spectrum corresponds to the sub-aperture that 
is looking forward (i.e., toward the direction of the antenna motion), while the ¢ < 0 
part represents the sub-aperture that is looking backward. In fact, this is exactly the rea-
son for the specular reflection to appear in the ¢ < 0 side of the spatial spectrum (c.f., 
Fig. 1). An auto-focusing algorithm can then be derived from the sub-aperture auto-
focusing method [3] according to this observation. 
Two intensity images It (x, y) and !z(x, y) are first produced for the area sur-
rounding the metallic wire shown in Fig. 4. More specifically, It is produced with the 
coherent imaging algorithm described in the previous session but includes only the ¢ < 
o part of the spatial spectral data, while lz only includes the ¢ > 0 part. Initially, a 
guessed neff is used to form the two images. Then, a cross-correlation is carried out for 
the two images. The cross-correlation is implemented in a one-dimensional manner in x, 
as described by 
R(~) = L L II (xm +~, Yn) !z(xm, Yn) (3) 
m n 
If the current value of neff is correct, the correlation peak should appear at ~ = 0, oth-
erwise, we will modify the current neff according to the sign of the displacement of the 
correlation peak in ~ from o. The iteration continues until the correct neff is reached. 
A contour plot for the cross-correlation function described by (3) is shown in 
Fig. 5 for a range of values for neff. The neff obtained from this procedure is 1.66. We 
have also repeated the procedure for producing images as described in previous sections 
with this value of neff. However, there is no significant differences between the images 
produced with neff = 1.66 and that shown in Fig 4 where neff = 1.56 was used. The 
auto-focusing procedure also serves as a confirmation on target detection, as the correla-
tion function has sharp peak only when there are point targets in scene. 
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Figure 5. Contour plot of the cross-correlation function R(~), described by (3), obtained 
in the auto-focusing procedure for varying effective refractive index, neff. 
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CONCLUSIONS 
We have established a composite scheme for retrieving host material parameters 
and imaging embedded target based on a single step-frequency continuous-wave syn-
thetic aperture measurement. The experimental arrangement presented in this paper rep-
resents a worst case scenario under which the typical size of random inhomogeneities 
is comparable to or larger than the probing wavelength. The resulting high attenuation 
and noisy clutter blended with the strong surface echo makes conventional pulse-echo 
approach ineffective. With spatial spectral filter, we are able to considerably reduce the 
strength of surface echo. As a result, the near surface inhomogeneities become visible in 
the synthetic aperture image. The embedded metallic wire also becomes detectable with 
the coherent imaging method applied. In addition, a modified sub-aperture auto-focusing 
method is developed in this study for confirming the estimation of the effective refractive 
index. The auto-focusing algorithm itself can also serve as an alternative approach for 
obtaining the effective refractive index of the host material. 
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